In the thermal decomposition of the biomass, products which include carbon compounds are generated. Biochar, a by-product of decomposition, has been efficient in retaining carbon, as well for agricultural and environmental management. Thus, the objective of this research is to evaluate the thermal stability and the recalcitrance of eucalyptus-derived bioburden due to different heating rates and pyrolysis temperatures. To do so, biochar were produced from Eucalyptus cloeziana at nine pyrolysis temperatures and three heating rates, and thermogravimetric analysis, determination of C and functional groups by FTIR were performed. Increasing the aromaticity of the biochromes produced, at higher temperatures, results in an increase in their recalcitrance, as demonstrated by the increase in thermal resistance and the oxidation by acid dichromate.
INTRODUCTION
Pyrolysis technologies are promising for the conversion of biomass into renewable fuels and other derivatives, such as biochar, which provides benefits to agriculture, the economy and the environment. Pyrolysis of biomass can contribute to the mitigation of global warming by stabilizing part of biomass carbon in the form of coal and the production of bio-oil as an alternative to the use of fossil fuels as feedstock for energy production (HERATH et al., 2013) .
Biochar has physical-chemical characteristics and can be used for environmental and agricultural practices. The use of biochar in the soil can increase yields of the crops by the following factors: reduction of leaching, pH improvement, increase of microbial activity and also by water retention (GLASER et al., 2002; SINGH et al., 2010) and removal of contaminants from water and soil (UCHIMIYA et al., 2015) .
Regarding the environmental benefits, biochar has been a new scientific strategy for carbon storage due to its physical resistance, in which it remains in the soil for more than 100 years MANYÁ et al., 2012) . Several investigations in several parts of the world have found coal in sedimentary deposits (MASIELLO & DRUFFEL, 1998) and in soils (LIANG et al., 2006) with estimated ages varying from hundreds to thousands of years. Some researchers have suggested the proposal to store coal deep in the oceans or buried deep in the lithosphere (STALLARD, 1998; KINTISCH, 2007) . These are certainly very efficient ways of storing carbon for long periods of time away from its fast cycle. Thus, the addition of biochar to soils, while retaining C in a stable form, also benefits the soil-plant system. This new allocation of coal is a recent issue and has attracted the interest of many scientists worldwide (LEHMANN et al., 2009; UCHIMIYA et al., 2015; ZHANG et al., 2013; GLAB et al., 2016) .
The persistence of coal in the environment for so long is due to its polycyclic aromatic structure (GLASER et al., 2002) . Carbonized materials have some functional groups that can be ionized (carboxylic and phenolic), through which they are able to associate with the soil components and form part of the soil structure. A part of the C can be degraded biotically and abiotically (chemical oxidation, photo-oxidation and solubilization), but at very low velocity and another part remains unchanged, increasing its permanence in the environment (ZIMMERMANN, 2010) .
However, the properties of the biochar depend on the raw material used and on the thermochemical conversion conditions, including temperature, oxygen level and reaction time (ZHANG et al., 2013) . These physico-chemical properties influence, among other attributes, the surface area, structure, porosity and elemental composition that are determinant in the ability to sequester C and in agricultural benefits, such as: water retention, nutrient fixation and immobilization of pollutants (UCHIMIYA et al., 2015) .
Thus, the efficiency of the use of biochar for agricultural and environmental purposes depends on the treatment used and the pyrolysis conditions. Thus, further studies on the chemical and physical characteristics of biochar are needed to assess its effective form of C retention and agricultural and environmental management. Thus, the objective of this work was to evaluate the thermal stability and the recalcitrance of biocarbons from Eucalyptus wood, due to different heating rates and pyrolysis temperatures to contribute to research on the use of biochar for environmental purposes.
MATERIAL AND METHODS
Biochar was derived from eucalyptus wood (Eucalyptus cloeziana; 7 years of age) in 10×1×1 cm of dimensions that were oven dried at 105 °C for 24h. The pyrolysis was carried out in a muffle furnace with nine pyrolysis temperatures (PT), being 300, 350, 400, 450, 500, 550, 600, 650 and 700 °C and three heating rates (HR), 5, 22,5, and 40 °C min -1 according to studies by Ranzi et al., 2008. The residence time at the final pyrolysis temperature was 15min, and afterwards it was stored in a desiccator. This procedure is necessary because the coal undergoes oxidation reactions in contact with the atmosphere, changing the amount of active surface groups (loads) (BOEHM, 2008) . Determinations of the C, H and N contents were made on an elemental analyzer (PerkinElmer 2400 Series II CHNS / O). The recalcitrance of the coals produced was compared by TG-DTA and dichromate oxidation analyses. The TG-DTA analysis was done in a Netzsch STA 409EP apparatus, with air atmosphere, heating rate of 10 °C min -1 and gas flow of 100mL min -1 . The ratio between the most recalcitrant and less recalcitrant compounds has been used as an index to characterize the thermal stability of the soil organic matter (PLANTE et al., 2009) . However, in coals produced at 600 and 700 °C there was little mass loss associated with less recalcitrant compounds, and in coal produced at 400 and 500 °C, it is not possible to establish a defined boundary distinguishing between these classes of compounds, making that this index has little value for the characterization of the thermal coals' stability. Thus, the thermodecomposition of 50% of the initial mass, the maximum mass loss rate during the last thermal event, and the remaining initial mass fraction were used as measurements of the thermal coals' stability at a temperature of 400 °C. This temperature was used according to the SIEBENEICHLER et al. (2017) study which found out that increasing in temperature and heating rate increases the occurrence of ruptures in coal's structure, with consequent physical resistance reduction.
The determination of C by oxidation with potassium dichromate was performed by the methods of Walkley & Black (1934) (unheated) and Yeomans & Bremner (1988) (with heating), following the methodology described for soil analysis by Mendonça & Matos 2005) . The data were statistically treated by analysis of variance by the F test and the means of the treatments compared by the T test at 5% of significance (DMS 5%). 
RESULTS
The eucalyptus wood used in this study has 46.9, 0.62, 6.46 and 45.8 dag kg -1 of C, N, H and O respectively. Similar contents to these were found in other studies with eucalyptus (Garcia-Perez et al., 2008; Cuña Suárez et al., 2010) . These four elements account for 99.8% of the wood mass, being only 0.20% due to other elements. Most of the loss of the four elements occurred with heating up to 400 °C. From this temperature, most of the mass reduction of the biochars was due to the loss of O and H, whereas the volatilization of C and N became very slow. As a consequence, the C content accounted for 89% of the carbon mass produced in the PT at 700 °C. At this same temperature, on average for the three HR, the elements N, H and O corresponded to approximately 0.42; 2.2 and 7.7% of the biochars' mass, respectively. This behavior reflects in the H/C, O/C, C/N and H/O relations, in which the H/C and O/C relations were higher at temperatures below 500 °C while the C/N and H/O were higher when the pyrolysis temperature increases (Figure 1) . Figure 1 . Relationship of C, N, H and O in the charcoals produced at different temperatures and heating rate. Figura 1. Relação de C, N, H e O nos carvões produzidos a diferentes temperaturas e taxa de aquecimento.
In the thermogravimetric (TG) and differential thermal analysis (DTA) presented by the thermograms of Figure 2 , the similar behavior of the biochar produced at 300 °C with the one of the wood can be associated. The decomposition of hemicellulose and cellulose present in the wood occur between 278 -280ºC and 342 and 347ºC, respectively (PEREIRA et al., 2013) .
The temperature at which the maximum mass loss rate occurred increased by an average of 5 °C for each 100 °C increase in the PT of the coals produced between 300 and 600 °C, and an increase of 30 °C occurred between the coals produced in 600 °C for those of 700 °C. This difference in temperature is a proposition that there was a differentiated stability in these coals compared to the others. , while the groups that do not participate in this type of bond absorb about 3600 cm -1 , which form narrower bands (SILVERSTEIN et al., 2007) (Figure 3 Figure 3 . Infrared spectra of the wood and the biochar produced at different temperatures and heating rate. Figura 3. Espectros de infravermelho da madeira e dos biocarvões produzidos a diferentes temperaturas e taxa de aquecimento.
The temperature needed to cause the loss of 50% of the initial mass (T50) and the portion of the initial mass remaining at 400 °C (R400) were linearly correlated with each other (T50 = 262.7+2.470 R400; r=0.985) and the molar relation H/C (aromaticity index) of wood and biochars (Figure 4) . The T50 and R400 also have excellent linear correlation with the O/C molar relation, which is another index that indicates the thermal decomposition of the biomass. . Temperature for the loss of 50% (T50) of initial mass (mi), portion of initial mass remaining at 400°C (R400). Symbols ** , * and † on the regression coefficients represent significance of 1, 5 or 10%, respectively. Figura 4. Temperatura para a perda de 50 % (T50) da massa inicial (mi), porção da massa inicial remanescente na temperatura de 400°C (R400). Símbolos ** , * e † sobre os coeficientes das regressões representam significância de 1, 5 ou 10%, respectivamente.
Resistance of C to oxidation by the Walkley and Black (WB) method increased with increasing PT. The heating rates differ only in PT of 400 °C ( Figure 5 ). The C content was estimated considering its oxidation state as being +0.194. The amount of C determined in the wood and in the biochars produced at 300 °C by the WB method was equivalent to 101% of the amount determined in the elemental analyzer. This result confirms the assumptions made in estimating the oxidation state of C.
As consequence of the increased chemical stability of the biochars produced at temperatures above 300 °C, the total C portion determined by the WB method dropped to approximately 16.5% in the 400 °C biochar produced at HR22.5 and HR40 and 9% in HR5, and gradually reduced to about 4.5% in the 700 °C biochars. Discounting from the amount of C of the biomass recovered in the biochar the amount of C-labile by the WB method, it is estimated that the pyrolysis of the wood at 400 °C provides the stabilization of greater amount of C, about 51% of the C of the biomass (Figure 6 ). Figure 6 . Quantity of C recovered in biochar and recalcitrant to Walkley-Black as a function of pyrolysis temperature and heating rate. Figura 6. Quantidade de C recuperada nos biocarvões e recalcitrante ao Walkley-Black em função das temperaturas de pirólise e taxas de aquecimento.
DISCUSSION
Biochars produced at HR 5 °C/min are more resistant to thermal decomposition. With the increase of TA it is possible to identify a decrease in mass as a function of PT. However, with the increase of PT, a mass loss occurs over a wide temperature range, which allows to associate it to the compounds that were produced during the pyrolysis. This wide temperature range expressed by the DTA with peaks of energy at approximately 500 °C were very similar for all heating rates.
At high heating rates, the decomposition of hemicellulose, cellulose and lignin occurs. In this condition, the heat and mass transfer on the surface of the biomass particles is accelerated, and the biochar produced presents higher cracks, higher specific surface area and higher porosity, but lower mechanical resistance (BYRNE & NAGLE, 1997) .
The O/C and H/C relations decreased with the increasing pyrolysis temperature, which characterizes higher C stability in these biochars. In all treatments a low H/C and O/C relation was obtained, which may reflect a higher proportion of aromatic rings in the structure of these carbons. Biochar with temperatures below 500 °C showed lower C/N and H/O relations and higher H/C and O/C, which indicates the presence of functional groups of dissolved organic carbon (OLIVEIRA et al., 2017) .
The lower proportion of O/C and H/C in the biochar correlates directly with the aromatic structure and its biodegradation properties and also their polarity, which are highly desirable properties, for example for the removal of pollutants (CROMBIE et al., 2013) . The H/C value reflects the aromatization of the organic matter, while the O/C value reflects the functional group content, hydrophobicity and the stability of the biochar in the soils (TAN et al., 2017) . Thus, the increase in aromaticity and C content improves the stability of the biochar.
In the biochars produced at 300 °C there is a reduction in absorption around 3200 cm -1 due to both the loss of water adsorbed on the wood structure and the thermodecomposition of carboxylic and alcoholic groups of cellulose (FIGUEIREDO et al., 1999) . These bands, along with the band around 2915 cm -1 , attributed to C-H groups of aliphatic chains, virtually disappear in the biochars produced at temperatures above 400°C at all HR. Only the biochars produced in the HR5 show some absorption in the band around 3420 cm -1 , attributed to the water that these biochars became able to adsorb with increasing porosity.
The region 1750 to 1000 cm -1 (C=O) shows peaks of a large diversity of functional groups, and exact assignment in this region of the spectrum is difficult. All of these groups resisted the 300 °C treatment to a greater or lesser extent. However, most of these bands disappeared with heating above 400 °C at HR5 and above 500°C at HR22.5 and HR40. At heating from 400°C, the peaks previously centered at 1735 and 1620cm -1 were around 1700 and 1600cm -1 as a result of structural and/or stereochemical changes. The C=C group of aromatic compounds (1600-1475cm -1 ) is one of the few remaining to be heated to 700 °C, along with the band around 1240 cm -1 which can be attributed to draw C-O and angular deformation O-H of carboxylic groups. According to Pastor-Villegas et al. (2007) , some bands between 900 and 1300 cm -1 can be assigned to the group C-O-C present on graphite sheets, or between two blades, where O may act as a bridge between the aromatic blades.
The H/C molar relation was chosen for the interpretations because its correlation with the rates of thermal stability and recalcitrance of C to the oxidation with dichromate, which was slightly higher than the correlation of these with the O/C molar relation. Despite the high correlation between T50 and R400, it is important to remember that they determine different characteristics of the sample. While the former corresponds to the temperature required to cause the thermodecomposition of half of the sample mass, the second is a measure of the amount of resistant compounds at a predetermined temperature. Thus, future work should be performed to confirm the correlation between the T50 and R400 indexes.
The C content determined by the Yoemans and Bremner (YB) method was on average 8% higher than the content determined by the elemental analyzer in the wood and in the biochars produced at temperatures up to 600 °C. Thus, the C content recovered by the YB method is interpreted only qualitatively, associating the lower recovery of C in the biochars produced at 700 °C to their greater stability. The fact that the WB method does not identify any abrupt change in the labile C content, as observed in thermogravimetric analyzes and by the YB method, it suggests that the compounds produced during the pyrolysis undergo different degrees of stabilization, acquiring differentiated degrees of chemical and thermal resistance.
Several research groups have already studied the kinetics of biochar mineralization by means of incubation tests. However, few attempted to calibrate any method to predict the rate of mineralization or the amount of mineralizable C in a given period of time. As the decomposition of these compounds occurs at temperatures below 400°C, it is possible that the R400 index may have good applicability in studies on the stability of the biochar. As the decomposition of the organic compounds depends on a range of factors, the search for methods of predicting the stability of these compounds in the environment constitutes an analytical challenge.
However, the characterization of the biochars by methods that allow to infer about the recalcitrance of their compounds of C can be of great assistance for the obtained results comparison between different groups of researches. With the proposal to include biochar production in the C credits market (LEHMANN et al., 2009) it will be necessary to have some method to characterize the biochars as to the effectiveness with which they will act as C drain (time and quantity).
CONCLUSIONS
• The pyrolysis temperature is an important factor for the thermal stability of the coals.
• Pyrolysis at temperatures below 400 °C, despite the higher recovery of wood C in biochar, does not contribute to the stabilization of C.
• Temperatures above 400 °C increase the thermal stability of the biochars and the recalcitrance of the C to the Walkley-Black method.
